The GTPase-associated center in 23/28 S rRNA is one of the most conserved functional domains throughout all organisms. We detected a unique sequence of this domain in Bombyx mori species in which the bases at positions 1094 and 1098 (numbering from Escherichia coli 23 S rRNA) are C and G instead of the otherwise universally conserved bases U and A, respectively. These changes were also observed in four other species of moths, but not in organisms other than the moths. Characteristics of the B. mori rRNA domain were investigated by native polyacrylamide gel electrophoresis using RNA fragments containing residues 1030 -1128. Although two bands of protein-free RNA appeared on gel, they shifted to a single band when bound to Bombyx ribosomal proteins Bm-L12 and Bm-P complex, equivalent to E. coli L11 and L8, respectively. Bombyx RNA showed lower binding capacity than rat RNA for the ribosomal proteins and anti-28 S autoantibody, specific for a folded structure of the eukaryotic GTPase-associated domain. When the C 1094 /G 1098 bases in Bombyx RNA were replaced by the conserved U/A bases, the proteinfree RNA migrated as a single band, and the complex formation with Bm-L12, Bm-P complex, and anti-28 S autoantibody was comparable to that of rat RNA. The results suggest that the GTPase-associated domain of moth-type insects has a labile structural feature that is caused by an unusual covariant change of the U 1094 /A 1098 bases to C/G.
bases to C/G. 23/28 S rRNA (23 S-like RNA) contains highly conserved domains that play fundamental roles in translation, i.e. the peptidyltransferase center, GTPase-associated domain, and sarcin/ricin target domain (1) . The GTPase-associated RNA domain has been identified as the target for the antibiotic thiostrepton (2-4), which inhibits multiple turnover of elongation factor G (EF-G) 1 -dependent GTP hydrolysis on eubacterial ribosomes (5) . In Escherichia coli, this domain of 23 S rRNA comprising residues 1051-1108, together with the sarcin/ricin loop around residue 2660, has been shown to be part of the ribosome structure that interacts with EF-G (6, 7) . This domain therefore seems to play a crucial GTPase-related role, probably in EF-G-dependent translocation of mRNA and tRNAs bound to ribosomal A and P sites. The tertiary structure of this RNA domain is recognized and stabilized by ribosomal protein L11 (8, 9) . Recently, the folded structure of the RNA⅐L11 complex from E. coli and Thermotoga maritima has been solved by x-ray crystallography at 2.8-and 2.6-Å resolutions, respectively (10, 11) . There is evidence for remarkable functional conservation of the GTPase-associated RNA domain between prokaryotes and eukaryotes: (a) the domain is interchangeable between yeast and E. coli ribosomes without significant loss of ribosomal function (12, 13) ; (b) the E. coli protein L11 cross-binds to the equivalent GTPase-associated domain of eukaryotic 28 S rRNA (14) , and the rat homologue L12 also binds to the prokaryotic RNA domain (15) ; and (c) eukaryotic EF-2, a counterpart of eubacterial EF-G, footprints position 1067 (E. coli numbering) within this domain of 28 S rRNA (16) , which corresponds to one of the sites protected by E. coli EF-G (6) . Comparative sequence analysis indicates that these similarities can be attributed to the extreme conservation of both primary and secondary structures of this RNA domain (17, 18) . Of the 58 nucleotides in region 1051-1108, 24 are conserved in eubacteria, archaebacteria, eukaryotes, and chloroplasts (Ͼ95% of the species examined). Moreover, the 12 nucleotides in this region are conserved universally to include also mitochondria (see Fig. 1 ). Some of these conserved bases participate in the three-dimensional folding of the domain (10, 11) , implying that the folded structure of the GTPase-associated domain is preserved in all organisms and is essential for its function.
Covariant base changes detected by comparative sequence analysis of rRNA has provided information on secondary structures and potential interactions, e.g. the base pair between residues 1082 and 1086 (19) and the base triple interaction between positions 1092/1099 and 1072 in the GTPase-associated domain (20) . There is a limitation of this approach for functionally important bases since little sequence divergence has yet been detected. Despite the numerous and expanding sequence data on 23 S-like rRNAs (17, 18) , only limited data are available for insect rRNAs. These include complete sequences of Drosophila melanogaster (21) and Aedes albopictus (22) and partial sequence, lacking the region of the GTPase-associated domain, of Bombyx mori (23) . Because of the huge number of insect species, these sequences are expected to provide substantial information on the sequence divergence of rRNAs. In this report, we present the first example that the two bases U 1094 and A 1098 among the universally conserved 12 nucleotides in the GTPase-associated RNA domain are changed to C and G, respectively, in silkworm species and other moths. To address the functional significance of this covariant change, we examined the effects of the base substitutions at positions 1094 and 1098 on the binding of ribosomal proteins and anti-28 S autoantibody (16, 24) , which recognizes the tertiary structure of the RNA domain, and we discuss a structural feature of the RNA domain in moth-type insects caused by the covariant base change. A potential interaction between positions 1094 and 1098 is also discussed.
MATERIALS AND METHODS
Ribosomes, rRNA, and Ribosomal Proteins-Moth membrane-free ribosomes were prepared from the fat bodies or the posterior part of silk glands of last-instar larvae according to the procedure of Madjar and Fournier (25) . The moths used were the silkworm B. mori (four strains: Daizo, J137, E7, and C124), the Chinese oak silkworm Antheraea pernyi, the Japanese oak silkworm Antheraea yamamai, the sweet potato hornworm Agrius convolvuli, and the common cutworm Spodoptera litura. Ribosomes were also prepared from two other insects by the method used for moths: from the fat bodies of imagoes of the grasshopper Locusta migratoria and from whole bodies of third-instar larvae of the fly Musca domestica. The ribosome samples were treated with puromycin in the presence of 0.5 M KCl (26) and recovered by ultracentrifugation as described previously (27) . The rRNAs were phenol-extracted from the ribosomes of all species and used as the templates for sequencing. The ribosomal proteins equivalent to E. coli L11 and L8 complex were prepared from B. mori ribosomes according to methods applied for the rat counterparts, L12 and P complex (P protein complex consisting of eukaryotic ribosomal P0, P1, and P2) (28, 29) , and are designated Bm-L12 and Bm-P complex, respectively. The identity of the Bm-L12 protein was confirmed by amino acid sequencing of the N terminus of a protease V8-cleaved peptide in a protein sequencer (Model G1005A, Hewlett-Packard Co.) and comparison with the sequence data for Bm-L12 cDNA in the Bombyx expressed sequence tag data base SilkBase (30) . P proteins Bm-P0, Bm-P1, and Bm-P2 were confirmed by reactivity with anti-P protein monoclonal antibody (31) . The formation of Bm-P complex comprising the three P proteins was ascertained by native polyacrylamide gel electrophoresis as described previously (29) .
Sequencing of the GTPase-associated Domain of Insect 28 S rRNAsEach rRNA sample (3 pmol) was mixed with 10 pmol of the DNA primer in 10 l of hybridization buffer containing 50 mM K-HEPES (pH 7.0) and 100 mM KCl. This was heated at 90°C for 1 min and then cooled to 30°C over 30 min. The primer used was either 5Ј-GTATAG-GCAAAACGCTTCAG-3Ј, complementary to the B. mori 28 S rRNA sequence downstream of the GTPase center (23), or 5Ј-TTAAGCGC-CATCCATTTT-3Ј, complementary to the D. melanogaster 28 S rRNA sequence that is well conserved in eukaryotes (corresponding to positions 1126 -1143 of E. coli 23 S rRNA). Primer extension and sequencing were carried out as described previously (32) .
Plasmid Construction and in Vitro RNA Synthesis-The DNA segment covering the GTPase center (positions 1030 -1128 in E. coli) of B. mori 28 S rRNA was amplified by reverse transcriptase-polymerase chain reaction (33) and inserted into the HindIII and XbaI sites of expression vector pSPT18 (Roche Molecular Biochemicals). Base substitutions at positions 1094 and 1098 were performed by oligonucleotide-directed mutagenesis and polymerase chain reaction (34) using primers containing the individual mutations. DNA sequences of the obtained constructs were verified by dideoxy sequencing (35) . The equivalent region of rat 28 S rRNA was as described previously (15) . The RNA fragments were synthesized in a solution (200 l) containing 1000 units of SP6 RNA polymerase, 4 g of template DNA linearized at the XbaI site, 40 mM Tris-HCl (pH 8.0), 14 mM MgCl 2 , 10 mM NaCl, 5 mM dithiothreitol, 1 mM spermidine, 10 g of bovine serum albumin, and 2 mM ATP, 2 mM GTP, 2 mM CTP, and 0.5 mM UTP (supplemented with 50 Ci of [␣-32 P]UTP). The transcripts were purified by gel filtration on a Sephadex G-50 column (Amersham Pharmacia Biotech).
Gel Retardation Assays-In a typical assay, a solution (5 l) containing 5 pmol of the [ 32 P]RNA fragments, 20 mM MgCl 2 , 0.35 M KCl, and 30 mM Tris-HCl (pH 7.5) was preincubated at 65°C for 5 min and then cooled to 30°C over 10 min. After the addition of 5 l of 30 mM Tris-HCl (pH 7.5) and a protein sample as indicated in the figure legends, the mixture was further incubated at 30°C for 10 min. RNA-protein binding was examined by electrophoresis on 6% polyacrylamide gel (acrylamide/bisacrylamide ratio of 40:1) at 6.5 V/cm with a buffer system containing 5 mM MgCl 2 , 50 mM KCl, and 50 mM Tris-HCl (pH 7.6). The fraction of RNA bound to protein was estimated as the ratio of the RNA-protein complex to input RNA using imaging plates and a Storm imaging analyzer (Model 860, Amersham Pharmacia Biotech).
Assembly of 28 S rRNA Sequence-The cDNA library including many clones for various sites of rRNA was prepared using total RNAs from the fat bodies of fifth-instar larvae of B. mori as described previously (36) , except that pUC18 was used as vector instead of M13mp18. Sequencing of the cDNAs was carried out in an automated DNA sequencer (Models 373S and 377, Applied Biosystems, Inc.). Assembling Ͼ50 cDNA clones (the sequence data are available in the Bombyx expressed sequence tag data base described above) gave nearly the complete nucleotide sequence of 28 S rRNA.
RESULTS
The nearly complete sequence of B. mori 28 S rRNA was derived by assembling many sequences from the B. mori cDNA library. The secondary structure was constructed by superimposing its sequence onto a model of the consensus secondary structure of eukaryotic 23 S-like rRNAs (18) . The Bombyx 28 S rRNA shares the conserved core secondary structure (data not shown). A novel characteristic of the sequence appeared in one of the functional regions, termed the GTPase-associated domain. Two bases at positions 1094 and 1098 (E. coli numbering) in the same helix were C and G, respectively, instead of U and A, which are highly conserved (Ͼ95%) in all 23 S-like rRNAs throughout eukaryotes, archaebacteria, eubacteria, chloroplasts, and mitochondria ( Fig. 1) (17) . No such substitution of the highly conserved bases was present at positions other than 1094 and 1098 in the 28 S rRNA sequence.
To confirm the unique sequence detected in the B. mori cDNA library, we analyzed rRNA extracted from the purified ribosomes. We prepared 80 S ribosomes from the silk glands of B. mori larvae (J137). The rRNA was phenol-extracted from the ribosomes and used as a template for sequencing by primer extension with reverse transcriptase (Fig. 2A) . As expected, B. mori 28 S rRNA has C 1094 and G 1098 instead of the highly conserved U and A bases, respectively, in the GTPase-associated domain (Fig. 2B) . The same sequence was also observed in the other three strains of B. mori (Daizo, E7, and C124) (data not shown). It should be added that the isolated ribosomes carrying this unique sequence were active in poly(U)-dependent polyphenylalanine synthesis as well as EF-2-dependent GTP hydrolysis, and the activities were comparable to those of rat liver ribosomes carrying the conserved U 1094 and A 1098 bases (Table I) . To test whether the base changes at positions 1094 and 1098 are specific to B. mori or not, we also prepared rRNAs from six other insects, i.e. four other species of moths (Lepidoptera) and two other than moth, and examined the RNA sequences of the GTPase-associated domain by primer extension analysis. The results are summarized in Fig. 3 , together with sequences from rat (28), D. melanogaster (21) , and A. albopictus (22) . The base changes to C 1094 and G 1098 were observed in all species belonging to the group of moths (Lepidoptera; the Chinese oak silkworm A. pernyi, the Japanese oak silkworm A. yamamai, the sweet potato hornworm A. convolvuli, and the common cutworm S. litura), whereas the grasshopper L. migratoria, the flies M. domestica and D. melanogaster, and the mosquito A. albopictus have the conserved U 1094 and A 1098 bases. At positions other than 1094 and 1098 in this domain, all the insects have bases identical to those in the rat sequence, except changes at the less conserved positions 1062, 1063, 1073, 1075, and 1076 in the three species (Fig. 3) . It is noteworthy that two highly conserved bases at the same stem-loop are changed simultaneously in the moths.
Synthetic RNA fragments are known to mimic the local rRNA structure and have been frequently used for studying the GTPase-associated domain (7, 9 -11, 16, 29) . We have shown that a rat rRNA fragment corresponding to residues 1030 -1128 in E. coli 23 S rRNA retains efficient binding affinities for rat ribosomal proteins L12 and P complex, counterparts of E. coli L11 and L8 complex, respectively (29) . We therefore used fragments of this region in B. mori and rat 28 S rRNAs and examined the effect of the covariant base change in the mothtype GTPase-associated domain. These domain fragments contained the conserved region 1051-1108 and the divergent 5Ј-flanking (21 residues) and 3Ј-flanking (20 residues) regions in which there were eight additional base substitutions between B. mori and rat (Fig. 4A) . The B. mori RNA migrated as two separate bands under native polyacrylamide gel conditions (Fig. 4B, lane 1) , irrespective of annealing the RNA at 65 or 90°C in the presence of various concentrations of Mg 2ϩ (5-50 mM) and 350 mM KCl (data not shown). This is not due to the presence of two kinds of transcripts because the transcript of the Bombyx RNA showed a single band under denaturing gel conditions with urea (Fig. 4D) . Upon the respective replacements of C 1094 and G 1098 with the conserved U and A bases in the Bombyx RNA, the RNA changed to a single band on the native gel (Fig. 4B, lane 2) , similar to the rat RNA (lane 3). The RNAs were tested for binding to anti-28 S autoantibody, which recognizes a tertiary structure of the eukaryotic GTPase-associated domain stabilized by Mg 2ϩ (16) . The Bombyx RNA bound very weakly to the anti-28 S Fab fragment (Fig. 4C, lane 1) , but base substitutions of U 1094 and A 1098 markedly enhanced this binding (lane 2). This binding was comparable to that of the rat RNA (Fig. 4C, lane 3) .
We prepared B. mori ribosomal proteins Bm-L12 and Bm-P complex, the silkworm counterparts of E. coli L11 and L8, respectively, according to methods applied to the rat homologues (28, 29) . The RNA fragment covering the Bombyx GTPase-associated domain was tested for binding to these ribosomal proteins by gel retardation assay (Fig. 5) . Although the protein-free Bombyx RNA showed two smeared bands, the addition of Bm-L12 (Fig. 5, lane 2) , Bm-P complex (lane 3), or both proteins (lane 4) shifted them to a single band for the RNAprotein complex. Ribosomal proteins appear to stabilize an otherwise labile structural feature caused by the unique bases C 1094 and G 1098 . In Fig. 6 , Bm-L12 binding (A) and Bm-P complex binding (B) of the Bombyx RNA (lanes 1-4) were compared with those of the rat RNA (lanes 9 -12) and of the Bombyx RNA with C 1094 and G 1098 replaced with U and A, respectively (lanes 5-8) . The binding capacity of the wild-type Bombyx RNA for the proteins was lower than that of the rat RNA. The fractions of the Bombyx RNA bound to Bm-L12 and Bm-P complex were 0.23 and 0.59, respectively, when the proteins were added in 3-fold excess over RNA (mol/mol), whereas the fractions of the rat RNA bound to the respective proteins were 0.49 and 0.92. Replacement of C 1094 and G 1098 with the conserved U and A bases caused higher protein binding capacity (Fig. 6, A and B, lanes 5-8) ; the fractions of the variant RNA bound to Bm-L12 and Bm-P complex (0.42 and 0.87, respectively) were comparable to those of the rat RNA at the same protein/RNA molar ratio. The fraction of RNA⅐Bm-L12 complex was less than that of RNA⅐Bm-P protein complex in each RNA sample, suggesting that Bm-L12 binds to RNA less tightly and is labile during gel electrophoresis compared with Bm-P complex. The gel mobilities of the RNA-protein complexes (RNA⅐Bm-L12 (Fig. 6A ) and RNA⅐Bm-P complex (Fig. 6B) ) were very similar, irrespective of RNA species, suggesting no marked difference in the tertiary structure stabilized by the protein binding among the three RNAs.
We further examined the effect of base substitutions in var- 
TABLE I Comparison of EF-2-dependent GTPase and polyphenylalanine
synthesis activities between B. mori and rat ribosomes The GTPase activity was analyzed using 2.5 pmol of high salt/puromycin-treated ribosomes (27) , 8 pmol of EF-2 isolated from pig liver (43) , and 3 nmol of [␥-
32 P]GTP as described previously (24) . Poly(U)-dependent polyphenylalanine synthesis was performed at 37°C for 10 min in 75 l of solution containing 5 pmol of the ribosomes, 40 pmol of ious combinations at positions 1094 and 1098 (Fig. 7) . All RNA fragments except that with the combination of the conserved U 1094 and A 1098 bases showed more than two bands on the native gel (Fig. 7A) , suggesting that both bases (U 1094 and A 1098 ) are involved in RNA folding into a compact tertiary structure. Unexpectedly, the base substitution of C 1094 to U alone (Fig. 7B, lane 5 (Fig. 7B, lane 1) . No protein binding was detected in the variant containing G 1094 and C 1098 (Fig. 7B, lane 3) .
DISCUSSION
The GTPase-associated domain in 23 S-like rRNA (region 1051-1108 in E. coli) contains 12 highly conserved bases (Fig.  1 ). This study demonstrates that two of these bases, U 1094 and A 1098 , simultaneously change in B. mori to C and G, respectively. We also detected the same replacements in five species of moths, but not in four other insects (Fig. 3) . Therefore, the base changes at positions 1094 and 1098 are likely to be a covariance, suggesting a close functional relationship between the two positions. The bases at positions 1094 and 1098 may provide new criteria for the classification of insects.
Loop 1093-1098 containing U 1094 and A 1098 is one of the very highly conserved structural units in rRNAs. NMR studies with 14 nucleotide-mers have shown that U 1094 participates in a very sharp turn termed the "U-turn" and that A 1098 interacts with G 1093 with non-canonical hydrogen bonds ("sheared G-A pair") and stabilizes hexaloop 1093-1098 (37). Current crystallographic studies have confirmed these structural features in eubacterial RNA⅐L11 complexes (10, 11) . The present data indicate that the Bombyx RNA does not retain the typical U-turn and sheared G-A pair and that these conserved structural features are not necessarily required for ribosomal function. In fact, the silkworm ribosomes carrying C 1094 and G 1098 have . The samples were then analyzed by gel retardation as described under "Materials and Methods." The molar quantity of Bm-P complex (1 g Х 11 pmol) was calculated assuming that the complex is P0⅐(P1) 2 ⅐(P2) 2 (42) and that the molecular mass is 90 kDa. explanation for the two base changes is that they are compensatory and involved in base paring between positions 1094 and 1098, although there is no evidence supporting this pairing in crystallographic studies (10, 11) , NMR data (37), or in the effect of exchange of bases between positions 1094 and 1098 (Fig. 7B) . The high reactivity of N-1 of A 1098 with dimethyl sulfate argues also against its pairing with U 1094 (4, 16) . Cundliffe (3) hypothesized that the GTPase-associated domain of the prokaryotic ribosomes has multiple conformational states and that thiostrepton may lock the RNA in a single conformation. A conformational switch of the thiostrepton-binding site is also discussed on the basis of crystal data of the RNA⅐L11 complex (11) . If this speculation is the case, it implies that loop region 1093-1098 plays a dynamic role in the process of translation and that the bases at positions 1094 and 1098 may play a part not only in forming the constant stable hexaloop as demonstrated by NMR and crystallographic studies, but also temporarily in base pairing between them in another step of the translation process.
